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H-2b mice are resistant to persistent infection of the central nervous system by Theiler’s virus. They clear the
infection 7 to 10 days after intracranial inoculation. Resistance maps to the H-2D gene and not to the H-2K
gene and is associated with a potent antiviral cytotoxic T-lymphocyte (CTL) response. We used H-2b mice in
which the H-2D or the H-2K gene had been inactivated to dissect the respective roles of these genes in
resistance. We report that H-2D2/2 but not H-2K2/2 mice were susceptible to persistent infection. Further-
more, whereas H-2K2/2 mice mounted a vigorous virus-specific CTL response, similar to that of control C57BL/6
mice, the CTL response of H-2D2/2 mice was nil or minimal. Using target cells transfected with the H-2Db or
the H-2Kb gene, we showed that the H-2K-restricted CTL response against the virus was minimal in H-2D2/2

mice. These results demonstrate that the H-2Db and H-2Kb genes play nonredundant roles in the resistance to
this persistent infection.

The DA strain of Theiler’s virus, a picornavirus of mice,
causes a persistent infection of the spinal cord with primary
demyelination which is one of the best models of multiple
sclerosis (19). The disease that follows intracranial inoculation
is biphasic. An acute gray matter encephalomyelitis, which
lasts 7 to 10 days, is followed by a low-grade persistent infec-
tion of the white matter with chronic inflammation and pri-
mary demyelination. The severity of clinical symptoms associ-
ated with persistent infection depends on the central nervous
system (CNS) viral load (2). Susceptibility to viral persistence
and the accompanying pathology varies greatly between inbred
strains of mice (7). Strains which are resistant to persistent
infection clear the infection after the acute encephalomyelitis.
Although susceptibility is multigenic, the H-2D locus, but not
the H-2K locus, has a major effect as shown by studying H-2
congenic mice and the dm1 mutation, a large deletion which
fuses the H-2D and H-2L genes and which confers susceptibil-
ity to the resistant parental B10.D2 strain (9, 10, 28).

Because the H-2b resistant haplotype is dominant over the
susceptible H-2q haplotype (9, 25), direct evidence that the
major histocompatibility complex class I H-2D gene is respon-
sible for susceptibility was obtained by showing that H-2q mice
become resistant to viral persistence and to demyelination
when they are transgenic for the H-2Db gene (3, 26). The role
of the H-2Db gene is also shown by the fact that mutations in

the gene modify susceptibility to demyelination (18). The gen-
erally held view is that the H-2Db gene brings about resistance
by efficient viral epitope presentation resulting in viral clear-
ance by cytotoxic T lymphocytes (CTL) and prevention of
demyelination (13, 19).

Several observations support the role of the CTL response in
viral clearance: CD81 T cells invade the CNS at a later time in
susceptible SJL/J mice than in resistant C57BL/6 mice (16),
H-2b mice with an inactivated b2-microglobulin gene become
susceptible to viral persistence and to demyelination (14, 24,
27), CD81 T-cell depletion renders mice less efficient at clear-
ing the infection (5), and resistance can be conferred on sus-
ceptible substrains of BALB/c mice by passive transfer of
CD81 T cells isolated from resistant substrains (20). H-2Db-
restricted CTL have been isolated from the spleen and CNS of
resistant C57BL/6 mice (11, 17), and an immunodominant
H-2Db-restricted viral epitope has been characterized else-
where (6, 12). Interestingly, CTL activity is detected very early
after inoculation of resistant C57BL/6 mice and rises sharply
thereafter, whereas it appears late in susceptible SJL/J mice
and remains at a low level (11).

The genome of H-2b mice contains two classical H-2 class I
genes, H-2D and H-2K, which are located in different regions.
Both class I molecules are highly polymorphic and can present
peptides efficiently. Yet, at least for the H-2b, H-2d, and H-2k

haplotypes, resistance to Theiler’s virus-induced disease maps
to the H-2D and not the H-2K gene. This may suggest that, at
least in the CNS, some functions of the H-2D and H-2K mol-
ecules other than their capacity to bind and present peptides
are different in the course of viral infections. Interestingly,
H-2D molecules are expressed at a higher level than H-2K
molecules in the CNS of H-2s SJL/J mice during the acute
phase of Theiler’s virus infection, a difference which is not
observed for H-2b mice (1). On the other hand, H-2D-, but not
H-2K-, restricted CTL are found in the CNS of H-2b mice at
that time, whereas neither H-2D- nor H-2K-restricted CTL are
found in the CNS of H-2s mice (15). In the present work, we
used H-2b mice in which the H-2D or the H-2K gene had been
inactivated by homologous recombination to further dissect
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the respective roles of these genes in the resistance to persis-
tent infection by Theiler’s virus.

MATERIALS AND METHODS

Animals and virus. H-2Db2/2 and H-2Kb2/2 mice were bred at the Institut
Pasteur animal facility in specific-pathogen-free sanitary conditions. C57BL/6
mice were purchased from Iffa Credo (Les Oncins, France) or Janvier (Le
Genest-St. Isle, France). The construction of the H-2Db2/2 and the H-2Kb2/2

mice has been described in detail elsewhere (21, 23). C57BL/6 3 129/Sv mice
heterozygous for the mutations were successively backcrossed toward the
C57BL/6 mice and intercrossed to obtain homozygous null-mutant mice. The
H-2Db2/2 mice were backcrossed for four or six generations, depending on the
experiment, and the H-2Kb2/2 mice were backcrossed for six generations.

The DA strain of Theiler’s virus was propagated in baby hamster kidney
(BHK-21) cell monolayers grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 7.5% fetal calf serum and titrated using a standard plaque assay
on BHK-21 cell monolayers. Four- to six-week-old mice were inoculated in-
tracranially with 104 PFU of virus in 40 ml of phosphate-buffered saline (PBS).

FIG. 1. Longitudinal section of the spinal cord of an H-2Db2/2 mouse, 45 days p.i. with Theiler’s virus. Viral antigens were detected by immunoperoxidase staining
(arrows). Counterstaining was done with hematoxylin. (A) Magnification, 3270. (B) Magnification, 3431.

TABLE 1. Level of viral RNA in brain and spinal cord

Mouse
strain Day p.i. Organa n Viral RNA

(mean 6 SEM)

C57BL/6 7 b 3 0.17 6 0.17
sc 3 0.0 6 0.0

21 b 4 0.00 6 0.00
sc 4 0.13 6 0.13

45 sc 11 0.00 6 0.00
H-2Db2/2 7 b 6 0.25 6 0.25

sc 6 0.67 6 0.31
21 b 7 0.00 6 0.00

sc 7 0.86 6 0.32
45 sc 14 1.3 6 0.3
90 sc 7 2.5 6 0.0

H-2Kb2/2 45 sc 6 0.0 6 0.0

a b, brain; sc, spinal cord.
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Preparation of total RNA from brain or spinal cord and dot blot hybridiza-
tion. Total RNA was extracted from brain or spinal cord as described in detail
elsewhere (9). Fivefold dilutions of total RNA, starting from 10 mg, were immo-
bilized on duplicate Hybond C-Extra filters (Amersham Corp., Arlington
Heights, Ill.) according to the manufacturer’s recommendation. Filters were
hybridized with 106 cpm of a random-primed 32P-labeled cDNA probe specific
for the virus or for b-actin overnight at 65°C in 0.5 M sodium phosphate (pH
7.4)–7% sodium dodecyl sulfate. The filters were washed four times for 15 min
at 65°C in 40 mM sodium phosphate (pH 7.4)–1% sodium dodecyl sulfate, dried,
exposed overnight, and analyzed with a phosphorimager (Becton Dickinson).
Hybridization to the b-actin probe was used to control the quality of the RNA
samples. The highest dilution which gave a positive signal with the virus-specific
probe was used as a measure of viral RNA content. To normalize the results of
different experiments, dilutions of RNA samples previously analyzed were run as
standards on the filters.

Immunohistochemistry. The mice were anesthetized with ether, perfused
through the left ventricle with 20 ml of PBS followed by 20 ml of 4% parafor-
maldehyde in PBS. The brain and spinal cord were dissected out, refixed by
immersion, and embedded in paraffin using routine procedures. Serial coronal
sections of the brain and longitudinal sections of the spinal cord were prepared.

The sections were reacted with a rabbit hyperimmune serum against Theiler’s
virus capsid proteins, followed by a biotinylated anti-rabbit secondary antibody
and an avidin-biotin–horseradish peroxidase complex (Vectastain; Vector Lab-
oratories, Burlingame, Calif.). The slides were developed with 0.01% H2O2–
diaminobenzidine-tetrahydrochloride (DAB; Sigma) in 0.05 Tris-HCl (pH 7.5)
for 5 min and counterstained with Harris hematoxylin.

CTL assay. The generation of CTL, the 51Cr labeling and preparation of target
cells, and the CTL assay have been described in detail elsewhere (12). Briefly,
mice were inoculated intraperitoneally with 106 PFU of Theiler’s virus, and
splenocytes were prepared 3 weeks later. Splenocytes were restimulated in vitro
for 5 days by cocultivation with Theiler’s virus-infected, irradiated, syngeneic
splenocytes. Three kinds of target cells were used: C57SV (H-2b) fibroblasts and
Ltk2 cells stably transfected with either the H-2Db or the H-2Kb gene. Target
cells were obtained by loading them with 51Cr followed by infection with Thei-
ler’s virus for 2 h. Cytolytic activity of restimulated splenocytes was measured by
a standard 51Cr release assay.

Statistical analysis. The means of the scores of viral persistence were com-
pared among mouse strains using either the unpaired Student t test or the
analysis of variance and its associated Scheffe test from the Statview F-4.5
package.

FIG. 2. Longitudinal section of the spinal cord, 21 days p.i. with Theiler’s virus. Viral antigens were detected by immunoperoxidase staining. Counterstaining was
done with hematoxylin. (A) Mild inflammation in the gray matter of a control C57BL/6 mouse, in the absence of viral antigens. Magnification, 3431. (B) Intense
inflammation and viral antigens (arrows) in the white matter of an H-2Db2/2 mouse. Magnification, 3270.
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RESULTS

H-2Db2/2, but not H-2Kb2/2, mutant mice are susceptible to
persistent infection and to late white matter disease. H-2b mice
are resistant to persistent infection by Theiler’s virus. Because
H-2bb2m2/2 mutant mice are susceptible (14, 24, 27), it has
been assumed that H-2b-associated resistance was due to a
class I-restricted CTL response. We tested the role of class I
genes in resistance directly by examining the phenotype of
mice in which the H-2Db or the H-2Kb gene had been inacti-
vated by homologous recombination (21, 23). H-2Db2/2 mice
were obtained from C57BL/6 3 129/Sv H-2Db1/2 mice after
backcrossing toward the C57BL/6 background for four or six
generations, depending on the experiment, followed by inter-
crossing to obtain homozygous mutants. The H-2Kb2/2 mutant
mice were obtained in a similar way after backcrossing toward
the C57BL/6 inbred strain for six generations. The mutant
mice, as well as control C57BL/6 mice, were inoculated with
104 PFU of Theiler’s virus, strain DA, and sacrificed 45 days
later. Neither mutants nor controls showed clinical symptoms.
Their spinal cords were examined for viral RNA levels and
histopathology, as described in Materials and Methods. The
results of the experiment are shown in Table 1.

Measuring the level of viral RNA in the spinal cord with a
dot blot assay showed that there was significantly more viral
RNA in the case of H-2Db2/2 mice than in the case of
C57BL/6 mice (mDb2/2 5 1.3 6 0.3 [n 5 14], mC57BL/6 5 0.0 6
0.0 [n 5 11], P 5 0.0034) and of H-2Kb2/2 mice (mKb2/2 5
0.0 6 0.0 [n 5 6], P 5 0.0164). The variation in RNA level
between individual H-2Db2/2 mice might have been due to the
fact that the animals were obtained after only four to six back-
crosses toward the C57BL/6 strain. The level of viral RNA was
also examined 90 days postinfection (p.i.) in the spinal cord of
H-2Db2/2 mice (Table 1). The level was higher than at 45 days
p.i. (mDb2/2 5 2.5 6 0.0 [n 5 7]), and there was less variation
from mouse to mouse. This result confirmed that the DA strain
of Theiler’s virus persists in the CNS of H-2Db2/2 mice.

Using immunohistochemistry, infected cells were observed
in the white matter of the spinal cord of 10 out of 15 H-2Db2/2

mice examined at 45 days p.i. Infected cells were accompanied
by meningitis, perivascular cuffs, and diffuse parenchymal in-
flammation (Fig. 1). At the same time p.i., a small number of
antigen-containing cells—fewer than 10 cells per longitudinal
section of the entire spinal cord—was observed in the spinal
cord of only two out of six H-2Kb2/2 mice examined, exclu-
sively in the gray matter (data not shown).

In conclusion, these experiments showed that H-2Db2/2

mice were susceptible to persistent infection of the white mat-
ter and to chronic inflammation, whereas H-2Kb2/2 mice and,
as expected, C57BL/6 control mice were resistant.

Viral replication and histopathology in the CNS of H-2Db2/2

mice at early times after inoculation. Resistant C57BL/6 mice
clear the infection at the end of the early, gray matter, enceph-
alomyelitis, whereas H-2Db2/2 mice remain persistently in-
fected. To compare the patterns of CNS infection in both
mouse strains at the time when virus is cleared in the C57BL/6
strain, H-2Db2/2 mutant mice and wild-type C57BL/6 mice
were inoculated with 104 PFU of Theiler’s virus, strain DA,
and sacrificed 6 and 21 days later. Levels of viral RNA and
histopathology were examined in brain and spinal cord. The
results are shown in Table 1. At the peak of the early phase of
the disease (6 days p.i.), the levels of viral RNA were not
significantly different in the brain of control and H-2Db2/2

mice (mC57BL/6 5 0.17 6 0.17 [n 5 3], mDb2/2 5 0.25 6 0.25
[n 5 6]). On the other hand, a significant amount of viral RNA
was already detected at this time in the spinal cord of

H-2Db2/2 mice, whereas no viral RNA could be found in the
spinal cord of C57BL/6 mice (mC57BL/6 5 0.00 6 0.00 [n 5 3],
mDb2/2 5 0.67 6 0.31 [n 5 6]). Histopathological examination
showed many cells containing viral antigens in the gray matter
of the brain of five out of six wild-type mice and six out of eight
mutant mice examined. Infected cells were located mainly
along the needle track but also in scattered cortical and sub-
cortical foci as well as in the hippocampus in some of the mice,
regardless of the genotype (data not shown).

At 21 days p.i., no viral RNA was detected with the dot blot
assay in the brain and spinal cord of three out of four C57BL/6
mice and only a low RNA level was detected in one out of four
(mC57BL/6 5 0.13 6 0.13 [n 5 4]). Mild inflammation of the
gray matter, and some meningitis, was observed in the spinal
cord of all six C57BL/6 mice examined. No viral antigen was
present in the gray matter in any of these mice (Fig. 2A). In
two of them, there was mild inflammation and an occasional
infected cell in the white matter (only two infected cells were
detected in the white matter of one mouse). At the same time
p.i., the level of viral RNA was moderate to high, depending on
the animal, in the spinal cord of the seven H-2Db2/2 mice
examined (mDb2/2 5 0.86 6 0.32 [n 5 7]). Large numbers of
viral antigen-containing cells and severe inflammation were

FIG. 3. Virus-specific CTL responses in one C57BL/6 mouse (squares) and
four individual H-2Db2/2 mice (circles). The target cells were infected (closed
symbols) or uninfected (open symbols) C57SV fibroblasts. Effector-to-target
ratios were 7:1, 15:1, 30:1, and 60:1.
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observed in the white matter of spinal cord of five out of six
H-2Db2/2 mice examined (Fig. 2B). Intense meningitis was
also present. Although inflammatory foci were present in the
gray matter, only a few infected cells were observed in this
compartment. One of the six H-2Db2/2 mice examined had
lesions that were less extensive, but otherwise similar.

In conclusion, the H-2Db2/2 null mutation does not affect
the pattern of the early disease in brain. As for susceptible
mice, the establishment of viral persistence coincides with the
localization of the infection to the white matter of spinal cord
(2, 4).

Anti-Theiler’s virus CTL activity in null-mutant and control
mice. Resistant C57BL/6 mice develop a fast and intense
H-2Db-restricted CTL response directed at an immunodomi-
nant epitope and only a weak H-2Kb-restricted response (11).
The fact that H-2Db2/2 mice become susceptible and that
H-2Kb2/2 mice remain resistant is consistent with the role of
H-2Db-restricted CTL in resistance and suggests that H-2Kb-
restricted CTL are unable to clear the infection. To examine
these points further, we studied the virus-specific H-2Db- and
H-2Kb-restricted CTL responses of H-2Db2/2 mice. Briefly, 6-
to 8-week-old H-2Db2/2 and control C57BL/6 mice were in-
oculated intraperitoneally with 106 PFU of Theiler’s virus.

Spleen cells were prepared from individual mice 9 days later
and restimulated in vitro with syngeneic infected splenocytes.
Restimulated splenocytes were tested, in a 51Cr release assay,
against infected C57SV fibroblasts or infected L cells express-
ing the H-2Db or the H-2Kb molecule. Figure 3 shows the
results for one control C57BL/6 mouse and four individual
H-2Db2/2 mice. As shown by the figure, the splenocytes of
H-2Db2/2 mice had a much lower cytolytic activity against
infected C57SV fibroblasts than did those of control C57BL/6
mice. However, a low but significant cytolytic activity was ob-
served, for all four H-2Db2/2 mice, at effector-to-target ratios
of 60:1. In one case, mouse number 4, the activity was detected
even at low effector-to-target ratios. Figure 4A shows that no
H-2Db-restricted cytolytic activity was detected in H-2Db2/2

mice, whereas splenocytes from C57BL/6 mice could lyse in-
fected L cells expressing the H-2Db molecule. On the other
hand, low but measurable cytolytic activity was observed in
H-2Db2/2 mice against L cells expressing the H-2Kb mole-
cule (Fig. 4B). This activity probably explains the cytolytic
activity of splenocytes from H-2Db2/2 mice against infected
C57SV fibroblasts (Fig. 3). Lastly, the splenocytes of infected
H-2Kb2/2 mice lysed infected C57SV fibroblasts as efficiently
as did splenocytes of control C57BL/6 mice (Fig. 5). In sum-

FIG. 4. Virus-specific CTL responses in one C57BL/6 mouse (squares) and four individual H-2Db2/2 mice (circles). The target cells were infected (closed symbols)
or uninfected (open symbols) Ltk2 cells transfected with the H-2Db gene (A) or the H-2Kb gene (B). Effector-to-target ratios were 7:1, 15:1, 30:1, and 60:1.
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mary, these results confirm that the majority of the CTL
activity of C57BL/6 mice against Theiler’s virus is H-2Db re-
stricted. Inactivating the H-2Db gene causes only a slight in-
crease in the H-2Kb-restricted response, which is insufficient to
prevent persistence of the infection.

DISCUSSION

The resistance of H-2b mice to persistent infection by Thei-
ler’s virus maps to the H-2Db locus and not to the H-2Kb lo-
cus. Interestingly, only H-2D-restricted virus-specific CTL are
found in the CNS of resistant C57BL/10 mice at the time of
viral clearance, although both H-2D- and H-2K-restricted CTL
are found in spleen (17). The results presented in this article
show that inactivating the H-2Db, but not the H-2Kb, gene
makes the animal susceptible to persistent infection. There-
fore, they confirm the unique properties of the H-2Db gene in
this system. This uniqueness is puzzling since both the H-2D
and the H-2K genes code for class I molecules with similar
potentials for peptide presentation. It could be explained in at
least two ways. Since class I genes are not expressed in healthy
CNS tissue, it is possible that the expression of the H-2D and
H-2K molecules in CNS is regulated differently upon infection
by Theiler’s virus. This hypothesis is not upheld by the results
of Altintas et al., who observed the same transient increase of
expression for both class I molecules after intracranial inocu-
lation of C57BL/6 mice with Theiler’s virus (1). Another pos-
sibility is that the viral immunodominant H-2Db-restricted
epitope (6, 12) is much more efficient at eliciting an immune
response than are viral H-2Kb-restricted epitopes. This hypoth-
esis is supported by recent data showing that the exons coding
for the a1 and a2 domains of the H-2Db molecule, domains
which bind the peptide epitope, are responsible for resistance
(A. Azoulay-Cayla et al., unpublished data). The unique role
played by the H-2D gene in Theiler’s virus infection has been
demonstrated for the b haplotype. At present, we do not know
if it exists also for other haplotypes.

The SJL/J strain is the prototypic strain susceptible to the
persistence of Theiler’s virus. Although we did not compare
the H-2Db2/2 and SJL/J strains in the same experiment, the
level of viral RNA in the former, 45 days p.i., was lower, and
there was more variation between individuals, than what we
routinely observe in the latter. This difference might be due to
the existence of several susceptibility loci which are found in
only the SJL/J strain (8). It is interesting that, by 90 days p.i.,
the level of viral RNA in H-2Db2/2 mice becomes similar to
that observed in SJL/J mice 45 days p.i.

The results presented in this article demonstrate that the
H-2Db gene is required for clearance of Theiler’s virus,
whereas the H-2Kb gene is not. There is strong evidence in the
literature that H-2b mice clear Theiler’s virus infection through
a vigorous H-2Db-restricted CTL response (6, 11, 12, 15). The
fact that, in the experiments reported here, resistance is asso-
ciated with such a virus-specific CTL response supports this
conclusion. However, it has not been determined if these CTL
target infected gray matter neurons or white matter glial cells
as they become infected at the end of the early encephalomy-
elitis. The fact that the early neuronal infection was of the
same magnitude in C57BL/6 mice and in H-2Db2/2 mice sug-
gests that the CTL do not clear the infection from infected
neurons. The fact that H-2Db2/2 mice do not mount a signif-
icant antiviral CTL response and are susceptible to persistent
infection suggests very strongly that CTL are critical for viral
clearance in wild-type mice. We cannot formally exclude a role
of the H-2Db gene in the virus-specific CD4 and antibody
responses, especially since it has been shown that circulating

antibodies contribute to the resistance of the C57BL/6 strain
(22, 29).

As shown in this article, H-2Db2/2 mice were unable to
mount an efficient, compensatory H-2Kb-restricted CTL re-
sponse. This is shown by the susceptibility to persistent infec-
tion of the H-2Db2/2 mice and, more directly, by the low
specific cytotoxicity of splenocytes of infected H-2Db2/2 mice
against H-2Kb-expressing target cells (Fig. 4B). This result is in
striking contrast with that obtained when the same mutant
mice were infected with lymphocytic choriomeningitis virus. In
this case, H-2Db2/2 mice developed a normally subdominant
H-2Kb-restricted CTL response which resulted in fatal chorio-
meningitis (23). This difference in behavior of the same mouse
strain when infected by two different viruses emphasizes the
danger of generalizing results for the immune responses to
viral infections.
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